Introduction
Hydrogen has been investigated as a clean alternative to fossil fuel. However, hydrogen has unique characteristics in combustion which influence the thermal efficiency of internal combustion engines. Namely, hydrogen has a higher flame propagation velocity and a shorter quenching distance as compared with hydrocarbons [1] . The combustion characteristics of hydrogen supposedly influence the cooling loss and the degree of constant volume. The cooling loss and the degree of constant volume are two major factors influencing the thermal efficiency of internal combustion engines. Authors have investigated the influences of the cooling loss ratio and the degree of constant volume on thermal efficiency of a hydrogen-fuelled SI engine in the previous research. In the research, the cooling loss ratio was quantitatively evaluated by using analyses of indicator diagram and exhaust gas composition [2] , and the degrees of constant volume cooling and constant volume burning were also evaluated from indicator diagram [3] . This research analyzed influences of treatment of the specific heats on the indicator diagram analysis in a hydrogen-fuelled SI engine.
Experimental apparatus
The engine tested in this research was a 4-stroke 4-cylinder spark ignition engine (bore: 85mm, stroke: 88mm, compression ratio: 8.5). Fuel gas was measured with a mass flow meter (Oval F203S) and continuously supplied into intake manifold. In-cylinder pressure was measured with a piezoelectric type pressure transducer (AVL, GM12D) installed on the cylinder head. 200 cycles of pressure data were averaged and used to calculate the indicated thermal efficiency, the apparent rate of heat release, the degree of constant volume, and others. The oxygen concentration in the exhaust gas was measured with an MPD type analyzer and used to calculate the combustion efficiency.
Results and discussions
The apparent rate of heat release dQ/dθ in the internal combustion engines can be described with in-cylinder volume V, in-cylinder pressure P, ratio of specific heats κ, and crank angle θ, as follows.
2 dκ /dθ (1) The third term in the right side of the equation, PV(κ−1) 2 dκ /dθ, is quite small in conventional gasoline or diesel engines and sometimes neglected in combustion analyses. Although the ratio of specific heats in hydrogen combustion is not so different from that in hydrocarbon combustion, a change in the ratio of specific heats is supposedly faster than hydrocarbon combustion because of the high burning velocity of hydrogen. This research T. Shudo / Manuscript for JSAE Review, Vol.22 No.2 (2001) analyzed the influence of the treatment of the ratio of specific heats on combustion analysis in a hydrogen-fuelled SI engine. Figure 1 shows the comparison among results of the following three cases of calculations.
Case 1: The ratio of specific heats κ is calculated from composition and temperature of the in-cylinder gas for each crank angle θ and treated as a variable in Eq.(1). Case 2: The ratio of specific heats κ is calculated with the same method as the case 1 and treated as a variable in the following equation, i.e. the term PV(κ−1) 2 dκ/dθ is neglected.
Case 3: The ratio of specific heats κ is treated as a constant value 1.4 in Eq.(2).
The figure shows the comparison of the results of the above three methods in the calculation of the apparent rate of heat release. Results of methane combustion are also shown in the figure for a reference. The negative heat release is observed after the end of combustion, because the apparent rate of heat release is affected by the cooling loss to cylinder walls. The results show that simpler calculation method in the three cases has both smaller negative heat release and smaller value of the maximum apparent rate of heat release dQ/dθ . 
The cooling loss ratio φ w was evaluated with the cumulative apparent heat release Q, the heat of fuel supplied in a cycle Q fuel and the combustion efficiency η u as follows
(4) Here, Q B and Q C stand for the cumulative real heat release and the cumulative cooling loss respectively.
The result shows that the neglect of the dκ /dθ hardly influences the degree of constant volume η glh . However, the cooling loss ratio φ w derived from the apparent rate of heat release dQ /dθ is largely affected by the treatment of the ratio of specific heats κ in the calculation. Figure 3 shows results of similar analyses as functions of the excess air ratio. The cooling loss ratio φ w derived from the apparent rate of heat release dQ /dθ is largely influenced by the treatment of the ratio of specific heats κ. The influence is larger especially in smaller excess air ratio with higher burning velocity.
From the above results, the neglect of the dκ /dθ in the calculation of the apparent rate of heat release dQ /dθ has almost no influence on the calculated degree of constant volume η glh . However, the neglect has large influence on the cooling loss ratio φ w calculated from the apparent rate of heat release dQ /dθ, especially in hydrogen combustion with higher burning velocity and faster change in specific heats during combustion period. Therefore, the dκ /dθ
should not be neglected in the calculation of apparent rate of heat release dQ /dθ in combustion analysis of hydrogenfuelled engines.
Conclusion
This research analyzed influences of treatment of the ratio of specific heats κ on the calculated apparent rate of heat release. The results derived from the analysis are:
(1) Hydrogen combustion has larger dκ /dθ during combustion period than hydrocarbon combustion because of the faster change in composition and temperature of the in-cylinder gas due to the higher burning velocity for hydrogen;
(2) The dκ /dθ in the hydrogen combustion is especially large in the operation at advanced ignition timing and at the excess air ratio close to stoichiometric; and (3) The analysis of the cooling loss ratio using the apparent rate of heat release should not neglect the dκ /dθ especially in hydrogen-fuelled engines. 
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